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SUMMARY 

Styrene-terminated polysulfone oligomers are part of an oligomeric class 
of compounds with end groups capable of thermal polymerization. These mater- 

(U ials can be used as matrices for graphite reinforced composites. This report 
e summarizes our initial evaluation of styrene-terminated polysulfone oligomer 

I based composites in terms of fabrication methods, and mechanical and environ- 
mental properties. In addition the report also provides a description and 
evaluation of the NASA/Industry Fellowship Program for Technology Transfer. 
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INTRODUCTION 

NASA/Industry Fellowship for Technology Transfer 
The NASA/Industry Fellowship Program was set up by NASA to enhance the 

transfer of aerospace-related technology to industry. The program provides 
for the assignment of industry personnel to work at the NASA Lewis Research 
Center on a part-time basis for an initial period of 1 yr. 

In the context of the above general statement the program that NASA and 
the BF Goodrich Company agreed upon was focused on the study o f  5F Goodrlch 
proprietary resins as matrix materials for advanced structural composites con- 
taining graphite fibers as reinforcement. 

Project definition. - The general aim of the NASA/Industry Fellowship 
program will be to explore the applicability of reactive oligomers, with 
varying structure and reactive end groups, as a matrix material for advanced 
composites. Examples of reactive oligomers are bismaleimides, PMR 15, and 
styrene-terminated sulfones and aryl ethers. Additional matrix materials may 
include thermoplastics such as polyimides. The fiber material to be incorpo- 
rated in such a composite will mainly be graphite fibers. An integral part of 
the program will be understanding and developing composite test methods as 
well as establishing structure/property relationships. 

NASA/Industry Fellow. * 



The program w i l l  be d i v i d e d  i n t o  t h r e e  stages. The f i r s t  w i l l  be the  
p repara t i on  o f  good q u a l i t y  composite samples. 
Lewis should be Inva luab le  a t  t h i s  stage. Once t h e  composite samples have 
been prepared, t h e  second stage w i l l  i n v o l v e  t e s t i n g  of t he  mechanical, t h e r -  
mal, and environmental p roper t i es .  Dur ing bo th  these stages we w i l l  be making 
use o f  NASA's  know-how, manufactur ing f a c i l i t y ,  and t e s t  equipment. Mechani- 
c a l  p r o p e r t i e s  t o  be evaluated w i l l  i n c l u d e  t e n s i l e ,  f l e x u r a l ,  impact s t rength ,  
and f a t i g u e  res is tance.  The r o l e  o f  ma t r i x ,  f i b e r ,  f i b e r / m a t r i x  adhesion, and 
the  e f f e c t  o f  thermal s t resses d u r i n g  the  f a b r i c a t i o n  stage w i l l  be examined 
i n  o rder  t o  bes t  be ab le  t o  a p p r o p r i a t e l y  modi fy  t h e  composite p r o p e r t i e s .  
The thermal and environmental p r o p e r t i e s  o f  t h e  composite w i l l  i n v o l v e  de te r -  
min ing the  e f f e c t  o f  t he  f i b e r  and any incorpora ted  a d d i t i v e .  

The c o l l a b o r a t i o n  w i t h  NASA 

The program w i l l  a l s o  i n v o l v e  p a r t i c i p a t i o n  I n  NASA's  ongoing research i n  
the  area o f  composites. 

The NASA Lewis Mentor i s  D r .  T i t o  T. S e r a f i n i  

P r o j e c t  s ta tus.  - To date the  p r o j e c t  has concentrated on the  process ing 
and p r o p e r t i e s  of  s tyrene- terminated po lysu l fone  ol igomers as m a t r i x  m a t e r i a l  
f o r  g r a p h i t e  re in fo rced  composites. The r e s u l t s  a r e  summarized i n  t h i s  r e p o r t .  
I n  a d d i t i o n ,  a p a r a l l e l  study o f  t h e  c u r i n g  chemist ry  o f  PMR-15 was a l s o  under- 
taken. The r e s u l t s  o f  t h i s  study a r e  summarized i n  a r e c e n t l y  submit ted 
pub1 i c a t i  on. 

T o t a l  t ime spent a t  NASA du r ing  the  f e l l o w s h i p  year has been 45 days. 

A d d i t i o n a l  program elements. - As an i n t e g r a l  p a r t  o f  t h i s  program, NASA 
Lewis personnel  v i s i t e d  the  BF Goodrich Research Center i n  B r e c k s v i l l e  t o  pre-  
sent t a l k s  and help i n  the  eva lua t i on  o f  composite r e l a t e d  technology. Simul-  
taneously t h e  Indus t r y  Fel low I s  exposed t o  technology ou ts ide  t h e  Immediate 
group where the  research i s  be ing c a r r i e d  ou t  v i a  NASA i n t e r n a l  p resenta t ions  
and t e c h n i c a l  r e p o r t s .  

Program eva lua t ion .  - The NASA/Industry Fe l lowsh ip  f o r  Technology Trans fer  
i s  an e x c e l l e n t  veh ic le  f o r  e f f i c i e n t  t r a n s f e r  o f  technology developed by NASA 
t o  p r i v a t e  i ndus t r y .  
long  term. 

The r e s u l t s  o f  such a program a r e  bo th  immediate and 

I n  the  case o f  t he  program as o u t l i n e d  i n  the  p r o j e c t  d e f i n i t i o n  s e c t i o n  
the immediate bene f i t s  encompassed t r a n s f e r  o f  knowledge o f  composite pro-  
cess ing and proper ty  eva lua t ions  i n  terms o f  hands-on exper ience and equipment. 
The knowledge gained has proved inva luab le  i n  h e l p i n g  s e t  up a composite 
research f a c i l i t i e s  a t  the  BF Goodrich Research Center i n  B r e c k s v l l l e .  
term, the  bene f i t s  o f  t h e  program t r a n s l a t e  i n t o  f u t u r e  contac ts  and informa- 
t i o n a l  exchange. Such a c t i v i t i e s  w i l l  pe rm i t  cont inued t r a n s f e r  of technology 
f rom NASA t o  BF Goodrich. 

Long 

1Dana Garcia and T i t o  T. S e r a f i n i  I IFT-IR of PMR-15 Polyimides,'I J. Polym. 
S c i .  Po lym.  Phys. Ed., submit ted 
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Technical Introduction 

In recent years, (refs. 1 and 2) the synthesis, curing mechanism and 
kinetics, as well as the properties of a number of oligomers end-capped by 
groups capable of thermally induced polymerization, have been investigated as 
a means to achieve polymers with improved high service temperature and solvent 
resistance. 

A class of compounds falling i n  this category are acetylene-terminated 
arylsulfone oligomers (refs. 1 to 15). The advantage of these compounds, over 
the high molecular weight, linear polysulfone resin, lie i n  their easier pro- 
cessing (ref. 1) and improved solvent resistance (ref. 14). Nevertheless, a 
number of problems still plague these systems. They include network structures 
dependent on the cure pathway, (refs. 9 and 1 1 )  as well as the required high 
temperature (ref. 15) and long cure cycles necessary to achieve complete 
exhaustion of all reactive groups. In spite of these problems, these materials 
have received significant attention (refs. 3 to 15) as potential matrix 
materlal for fiber reinforced composite applications. 

An alternative approach to thermally crosslinkable polysulfone oligomers 
i s  to replace the acetylene groups with styrene groups. In a previous publi- 
cation (ref. 16) we have already outlined our studles on the curing kinetics 
and properties of these materials. 

This report summarized our results on graphite reinforced composites con- 
taining styrene-terminated oligomers as the matrix material. The focus of the 
work was to determine the processing parameters and evaluate the properties of 
the resulting 

Resin. - 

composite. 

The resin 
reactive styr-ne end gr 
below, 

EXPERIMENTAL 

Mater i a1 s 

used is an oligomer of 
ups. The general stru 

polysulfone with thermally 
ture of the oligomer is shown 

The details of the synthesis and properties of these oligomers as well as 
the resulting crosslinked resin can be found in reference 5. 

Graphite fiber reinforcement. - The graphite fiber used in this investi- 

The typical fiber properties 
gation is a PAN (Poly-acrylonitrile) based high strength fiber marketed by the 
Celanese Company under the name of Celion 6000. 
are shown i n  table I. 

PreDregging solvents. - Four solvents were employed to dissolve the oligo- 
mers. They are shown in table 11. 
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Composite F a b r i c a t i o n  

U n i d i r e c t i o n a l  prepreg p l i e s  were obta ined i n  the  f o l l o w i n g  manner: D r y  
Ce l ion  6000 graph i te  f i b e r s  were wound onto a 15  i n .  d iameter by 18 i n .  long 
c y l i n d r i c a l  mandrel covered w i t h  a s i l i c o n e  coated re lease paper. The f i b e r s  
were wound a t  a spacing o f  12  t u r n s / i n .  The r e s i n  was app l i ed  f rom s o l u t i o n  
and evenly d i s t r i b u t e d  over the  e n t i r e  mandrel su r face . ,  The concen t ra t i on  o f  
r e s i n  i n  s o l u t i o n  was o f  t h e  order  o f  30 percent  and t h e  amount o f  r e s i n  used 
was c a l c u l a t e d  t o  roughly  produce a 60 vo l  x f i b e r  laminate.  The prepreg 
was a l lowed t o  dry on the  mandrel u n t i l  most o f  t h e  so lvent  evaporated. 
Fur ther  d r y i n g  was done i n  a vacuum oven a t  temperatures f rom 23 t o  50 O C .  

Cut samples were s tored i n  N2 purged bag i n  vacuum des icca tors .  

matched meta l  d i e  molds. Typ ica l  laminate process ing parameters a r e  l i s t e d  i n  
t a b l e  111. 

A l l  composite laminate t e s t  samples were made by compression molding i n  

Composite Charac te r i za t i on  

Resin content.  - The r e s i n  conten t  f o r  a l l  composite samples was de te r -  
mined v i a  two methods: Acid D iges t i on  and Densi ty .  Three de terminat ions  were 
done f o r  each composition, 

Ac id D iges t i on  

Approximately 0.25 g o f  composite sample was weighed i n  100 mL beaker and 
50 mL concentrated s u l f u r i c  a c i d  added. The m i x t u r e  was heated on a h o t  p l a t e  
t o  100 t o  120 O C  w i t h  f requent  s t i r r i n g .  The m ix tu re  became b lack  i n  c o l o r .  
A f t e r  approximately 4.5 h r  the m i x t u r e  was cooled t o  60 t o  70 O C  and 2 mL o f  
30 percent  H202 was added. 
f o r  an a d d i t i o n a l  hour. A t  the end o f  t h i s  pe r iod  the  s o l u t i o n  was c o l o r l e s s  
and wh i te  fumes were s lowly  evo lv ing .  The cooled m i x t u r e  was f i l t e r e d  and the  
f i b e r s  washed several t i m e s  w i t h  d i s t i l l e d  water u n t i l  a n e u t r a l  pH was 
obtained. The washed f i b e r s  were d r i e d  a t  175 "C i n  an a i r  c i r c u l a t i n g  oven 
and subsequently weighed. Three specimens were analyzed f rom each composite 
sample i n  t h i s  fashion. Cont ro l  runs con ta in ing  on ly  Ce l i on  6000 g r a p h i t e  
f i b e r s  were s imultaneously run t o  determine i f  t h i s  t reatment  had any e f f e c t  
on the  f i b e r s .  None was observed. The volume f r a c t i o n  o f  f i b e r s  was ca lcu-  
l a t e d  accord ing t o  equat ion 1. 

The m i x t u r e  was then reheated t o  110 t o  120 "C 

where 

V f f  volume f r a c t i o n  o f  f i b e r s  
W f f  we lght  f r a c t i o n  o f  f i b e r s  
W f r  weight  f r a c t i o n  o f  r e s i n  
pf d e n s i t y  o f  f i b e r  
pr d e n s i t y  o f  r e s i n  

4 



Density 

The density of the composite samples was determined according to ASTM 
0792-66. The volume fraction of fibers was calculated according to 
equation (2). 

(P - VfrPr) 

P f Vff = 

Where 
equation (1). 

p = the density of  the composite; all other terms are the same as for 

Void Content 

The void content is determined using equation 3. 

w - Wf 
C wf - + 

P f pr v v = l -  ( 3 )  

where 

V v  volume fraction of voids 
Wf fiber weight 
Wc composite weight 

was determined by DSC on a Perkin Elmer DSC-7. 
methods to determine Tgs was made. 
reliable, fastest, and accurate method: 
of 40 "C/min. 

Glass transition temperature (Tgl. - The Tg of the resin in the composite 
A survey of all available 

All runs were performed at a scan rate 
The DSC was determined as being the most 

Thermal expansion coefficient. - The thermal expansion coefficient in both 
the parallel and perpendicular fiber direction were determined on a DuPont 
Thermal Analyzer. 

The thermal expansion coefficient was calculated over the linear portion 

- Thermal stability. - The amount of weight loss as a function of tempera- 
of the curve below the Tg. 

ture was determined using a Cahn TGA. 
mine the amount of moisture absorbed by the sample and residual amounts of 
solvent. 

The method was mostly employed to deter- 

Dynamic mechanical properties. - The dynamic mechanical properties of the 
comDosite samDles were determined on a Rheometrics 770 RMS at a frequency of 
10 ;ad/sec over a 450 "C range (-150 to 300 "C). 
that of a torsional strip with dimensions of 2.0 by 0.50 by 0.06 in. 

The sample configuration was 
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F l e x u r a l  and s h o r t  beam shear t e s t i n g .  - The bending modulus and f l e x u r a l  
s t r e n g t h  were determined i n  a t h r e e  p o i n t  bend t e s t  f i x t u r e  accord ing  t o  ASTM 
D790-71. The span was s e t  a t  e i t h e r  2.0 o r  2.1 i n .  The o t h e r  sample dimen- 
s ions were 0.25 by 0.06 i n .  I n  t h e  case of e leva ted  temperature measurements 
t h e  samples were e q u i l i b r a t e d  a t  t h e  des i red  temperature f o r  10 min. 
procedure was not f o l l owed  i n  t h e  case of humid i t y  aged samples where t h e  
t e s t i n g  was conducted w i t h  minimal temperature e q u i l i b r a t i o n  i n  o rder  t o  pre- 
vent sample d r y  out.  

Th is  

The s h o r t  beam shear t e s t  i s  designed t o  measure t h e  i n t e r l a m i n a r  shear 
uILS i s  c a l c u l a t e d  accord ing  t o  equat ion  s t r e n g t h  o f  t h e  composite (uILS).  

( 4 ) .  

3P UILS = - 4bh 

where P i s  t he  load; h t h e  depth and b t h e  w i d t h  o f  t h e  sample. 

( 4 )  

The t e s t  i s  r u n  accord ing  t o  ASTM D2344-76 i n  a t h r e e  p o i n t  bending con- 
f i g u r a t i o n  f o r  a span t o  depth r a t i o  o f  4 : l .  
samples which have f a i l e d  I n  shear. The s h o r t  beam shear r e s u l t s  t o  be pre-  
sented i n  t h e  next s e c t i o n  w i l l  s p e c i f y  t h e  type  o f  f a i l u r e .  I f  t h e  sample 
d i d  n o t  f a i l  i n  shear the  da ta  w i l l  be repor ted  i n  terms o f  t he  maximum 
s t r e n g t h  (a) achleved through the  l i n e a r  p o r t i o n  o f  t h e  s t r e s s / s t r a i n  curve. 

The above c a l c u l a t i o n  a p p l i e s  t o  

Elevated temperature measurements were r u n  a f t e r  e q u i l i b r a t i n g  t h e  sample 
a t  t h e  des i red  temperature f o r  10 min. S i m i l a r  t o  the  f l e x u r a l  runs humid i t y  
aged samples were t e s t i n g  w i t h  on l y  minimal temperature e q u i l i b r a t i o n  t o  pre-  
vent sample dryout.  

I n  a l l  cases th ree  samples were t e s t e d  a t  each temperature. 

Tens i l e  t e s t i n g .  - The t e n s i l e  t e s t s  were performed accord ing  t o  ASTM 
03039-76. The sample dimensions were 10 by 0.5 by 0.035 i n .  
was 6 i n .  w i t h  f i b e r g l a s s  r e i n f o r c e d  end tabs bonded i n  place. The s t r a i n s  
were measured by mean o f  f o u r  s t r a i n  gauges bonded two t o  each s ide.  

The t e s t  l e n g t h  

Dur ing t h e  course o f  t he  experiments we observed t h a t  f i n a l  specimen f r a c -  
t u r e  d i d  no t  occur i n  the  t e s t  reg ion  as des i red  bu t  was i n i t i a t e d  near t h e  
tabs and proceeded v i a  de laminat ion  i n  the  l o n g i t u d i n a l  d i r e c t i o n .  A s  a r e s u l t  
t h e  f i n a l  composite s t r e n g t h  values a re  probably under-estimated. 

Four samples were tes ted  v i a  t h i s  procedure. 

Drop weight impact t e s t i n q .  - The drop weight impact t e s t i n g  was c a r r i e d  
ou t  us ing  a Dynatup F a l l i n g  Weight Impact Tester ( r e f .  7 ) .  The t e s t  p rov ides  
t h e  app l i ed  load and energy abso rp t i on  as a f u n c t i o n  o f  t ime and specimen 
d e f l e c t i o n  du r ing  impact. The impactor was 0.5 i n .  d iameter c y l i n d e r  w i t h  a 
spher i ca l  end and weighted 179 l b .  The impactor i s  f i t t e d  w i t h  s t r a i n  gauges 
which measure the load d u r i n g  t h e  t ime o f  t he  run. The impact ing  energy i s  
v a r i e d  by changing the  h e i g h t  f rom which t h e  impactor i s  dropped and i t s  
weight.  



The composite samples had dimensions o f  4 by 4 i n .  by approx imate ly  
0.1 i n .  and were 15 p l l e s  i n  a O/90° f i b e r  o r i e n t a t i o n  sequence. The impactor  
was dropped f rom a he igh t  o f  1 f t .  and achieved a v e l o c i t y  of approx imate ly  
8 f t / s e c .  
i n  re fe rence 7. F i ve  samples o f  i d e n t i c a l  composi t ion were impacted. 

De ta i l ed  o f  t h e  inst rumenta l  set-up and c a l c u l a t i o n s  can be found 

Fo l l ow ing  impact t he  samples were examined by C-scanning t o  determine the  
The damage area was determined by p lan ime t ry  i n t e g r a t i o n  o f  ex ten t  o f  damage. 

t h e  C-scanning photographs. 

10" O f f -ax i s  t e n s i l e  t e s t i n g .  - The 10" o f f  a x i s  t e n s i l e  t e s t  i s  designed 
t o  measure the  shear p r o p e r t i e s  o f  t h e  composite ( r e f .  7 ) .  U n i d i r e c t i o n  com- 
p o s i t e  samples w i t h  the  f i b e r s  o r ien ted  a t  10" t o  t h e  a x i s  o f  t h e  app l i ed  load 
a re  t e s t e d  us ing  a standard t e n s i l e  set-up. The samples have dimensions o f  
0.5 by 8.0 by 0.12 i n .  and c o n s i s t  o f  approx imate ly  1 5  t o  18 p l i e s .  The ends 
a re  r e i n f o r c e d  w i t h  f i b e r g l a s s  tabs and 60" s t r a i n  gauge r o s e t t e s  a re  bonded 
t o  each s ide  o f  t he  specimen. The t e s t  r e s u l t s  a re  presented i n  terms o f  t he  
i n i t i a l  modulus and the  s t rength .  

Compression t e s t i n g .  - The compression specimen i s  a u n i d i r e c t i o n a l  com- 
p o s i t e  sample w i t h  dimensions o f  4.86 by 0.25 by 0.125 i n .  The specimen ends 
a re  r e i n f o r c e d  w i t h  f i b e r g l a s s  tabs and two s t r a i n  gauges a re  mounted on each 
s ide .  The compression f i x t u r e  i s  the one designed by the I l l i n o i s  I n s t i t u t e  
o f  Technology Research I n s t i t u t e  ( I I T R I ) .  D e t a i l s  o f  t he  t e s t i n g  procedure 
a re  found i n  re fe rence 20. 

Humid i ty  c o n d i t i o n i n g .  - Composite samples were cond i t ioned a t  90 percent  
RH i n  t h e  presence o f  a supersaturated s o l u t i o n  o f  lead n i t r a t e .  I n  a l l  cases 
the  c o n d i t i o n i n g  was done f o r  a per iod o f  30 days. E q u i l i b r i u m  was reached 
a f t e r  18 days. Sample t e s t i n g  was done immediately a f t e r  removal f rom the  
c o n d i t i o n i n g  chamber. Cond i t ion ing  was a l s o  done by immersing the  samples i n  
d i s t i l l e d  H20 a t  71 " C  (160 OF) f o r  a pe r iod  o f  30 days. 

Other methods. - Scanning and t ransmiss ion e l e c t r o n  microscopy were u t i -  
l i z e d  t o  examine the  composite samples f o r  evidence of vo ids and f i b e r / m a t r i x  
adhesion. 

RESULTS AND DISCUSSION 

E f f e c t  o f  Prepregging Solvent 

The f o u r  so lvents  employed t o  d isso lve  the  ol igomer samples f o r  the  pre-  
pregging s tep a re  shown i n  t a b l e  11. The e f f e c t  o f  each of  these so lvents  on 
the  q u a l i t y  o f  t he  prepreg and the f i n a l  p r o p e r t i e s  o f  t he  laminate a r e  now 
going t o  be discussed. 

Chloroform. - Prepregs made f r o m  ch lo ro fo rm s o l u t i o n s  y ie lded  extremely 
poor q u a l i t y  laminates e x h i b i t i n g  evidence f o r  s i g n i f i c a n t  r e s i n  degradat ion.  
I t  i s  speculated t h a t  a t  t he  cure temperature (200 "C) r e s i d u a l  so lvent ,  s t i l l  
p resent ,  y i e l d s  c h l o r i n e  r a d i c a l s  ( r e f .  21) which promote severe degradat ion 
o f  bo th  the  ol igomer and the  cured res in .  
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Dimethylsulfoxide (DMSO). - Prepregs made from dimethylsulfoxide solution 
exhibited precipitation of the oligomer on the graphite fibers during the 
drying process. 
uniform resin distribution control rather difficult. Furthermore it was not 
possible to remove all of the DMSO from the prepreg during the drying and lami- 
nate fabrication step. 
linked polysulfone oligomer resulting in a laminate exhibiting a lower Tg 
(150 "C) than expected (180 "C). 

The oligomer powder easily flaked off the fibers making 

As a result the trapped DMSO plasticized the cross- 

N-Methylpyrolidone (NMP). - Prepregs made from NMP solutions exhiblted 
adequate tack and were easily processible into excellent quality laminates with 
no evidence of any voids. The typical laminate processing parameters are shown 
in table III(a). 
in the next section. 
ticizing effect on the cured resin in a similar manner to that observed for 
laminates prepared using DMSO solutions. 

The mechanical properties of these laminates are discussed 
The only drawback of uslng NMP as a solvent is its plas- 

Methylene chloride. - Prepregs made from CH2C12 solutions were easily 
processible into excellent quality laminates with no evidence of any voids. 
The laminate processing parameters are those shown in table III(b). The mec- 
hanical properties of these laminates are discussed in a subsequent section. 
In contrast to the prepregs obtained from NMP solutions, no depression of the 
composite Tg i s  observed in this case. 
CH2C12 removal on drying.. Furthermore no matrix degradation is observed as 
was seen in the case of CHC13 solution prepregs (ref. 21). To date CH2C12 
is the solvent of choice for solution prepregging of these oligomers. 

This is a direct result of the ease of 

Properties of NMP Solution Laminate 

All properties discussed i n  this section relate strictly to unidirectional 
composite laminates. 

Glass transition temperature. - The glass transition temperature (Tg) of 
laminates prepared by consolidation of prepreg impregnated with styrene- 
terminated polysulfone oligomer solutions in NMP, shows the strong plasticiza- 
tion effect of the residual solvent. A Tg decrease of 35 "C is observed as 
compared with the expected value of 180 "C from neat resin property values 
(ref. 5). This decrease in Tg is still present after prolonged post-curing at 
200 "C. The effect is illustrated i n  table IV. It is important to mention 
that the amounts on NMP left in the laminate are of the order of 0.5 percent 
as determined by TGA analysis. Additional drying of the prepreg at tempera- 
tures below onset of crosslinklng (150 "C) does not remove all of the trapped 
solvent. 

One additional method employed with some degree of success was to thor- 
oughly wash the prepreg in water for 48 hr. This process results in an 
increase i n  Tg (table IV) but also makes the prepreg very boardy and more dif- 
ficult to process. 

The problem is of course most acute for thicker laminates. 

Volume fraction of resin. - The composites were targeted to have roughly 
a 40 percent volume fraction of resin. 
volume fraction o f  42.6 percent. Electron micrographs in.the direction perpen- 

Experimental results yielded a resin 
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d i c u l a r  t o  the  f i b e r s  revea ls  no evidence f o r  t h e  presence of vo ids .  
e l e c t r o n  micrographs i s  shown i n  f i g u r e  1. 

A t y p i c a l  

Void content :  
was determined f o r  a l l  NMP prepreged composites. 

According t o  equat ion 3 a maximum vo id  conten t  o f  2 percent  

Mo is tu re  cond i t i on ing .  - The maximum water uptake f o r  t he  composite lami-  
nates, f o l l o w i n g  exposure t o  98 percent RH, i s  0.3 percent .  Based on neat  
r e s i n  data ( r e f s .  1 and 2)  t h i s  value i s  roughly  tw ice  what we had expected. 
It i s  very  l i k e l y  t h a t  the  a d d i t i o n a l  amount o f  water absorbed i s  due t o  the  
presence o f  r e s i d u a l  NMP, which i s  known t o  be extremely so lub le  i n  water .  
uptake o f  t h e  order  o f  0.3 percent  w i l l  r e s u l t  accord ing t o  t h e  equat ion  o f  
K e l l y  ( r e f .  18) i n  a 50 O C  (90 O F )  drop i n  Tg. The decrease i n  mechanical 
pro-  p e r t i e s  o f  the  laminate,  discussed i n  the  nex t  sec t ion ,  a r e  i n  agreement 
w i t h  t h i s  p r e d i c t i o n .  

An 

One p o i n t  o f  i n t e r e s t  t o  be mentioned i s  t h e  c r i t i c a l  need t o  per fo rm a l l  
t e s t i n g  o f  cond i t ioned samples a t  e levated temperatures as f a s t  as p o s s i b l e  t o  
prevent  sample d r y  out .  DSC and Rheometrics DMA runs a l though performed a t  as 
f a s t  as poss ib le  a scan r a t e  w i t h i n  the  ins t rumenta l  l i m i t a t i o n s  f a i l e d  t o  
de tec t  t h e  magnltude o f  t h e  Tg drop. 
and cond i t ioned sample i s  shown i f  f i g u r e  2. 

An example o f  t y p i c a l  DMA run  f o r  a d r y  

F l e x u r a l  and sho r t  beam shear p roper t i es .  - The f l e x u r a l  and s h o r t  beam 
shear r e s u l t s  a re  shown i n  tab les  V and V I ,  r e s p e c t i v e l y .  The Tg o f  t h e  lami -  
na te  sample i s  a l s o  g iven as samples subjected t o  the  prepreg washing s tep  were  
a l s o  tes ted .  The sho r t  beam shear r e s u l t s  ( t a b l e  VI )  show t h a t  t he  f a i l u r e  
mode i s  thermop las t ic  f o r  t he  h igh  temperature runs. A s  a r e s u l t  t he  data i s  
presented i n  terms o f  maximum st rength over the  l i n e a r  p o r t i o n  o f  t h e  s t r e s s /  
s t r a i n  curve. 

T e n s i l e  p r o p e r t i e s .  - The t e n s i l e  p r o p e r t i e s  o f  t he  laminates a r e  shown 
i n  t a b l e  V I I .  E lec t ron  Microscopy o f  t h e  f r a c t u r e  sur face  ( f i g .  3)  i n d i c a t e d  
e x c e l l e n t  f i b e r / m a t r i x  adhesion. The t e n s i l e  data i s  I n  f a i r  agreement t o  the  
c a l c u l a t e d  values based on percent  f i b e r  volume f r a c t i o n  and the  t e n s i l e  p ro-  
p e r t i e s  o f  the  g r a p h i t e  f i b e r s  ( t a b l e  I ) .  

L inear  expansion c o e f f i c i e n t .  - The l i n e a r  expansion c o e f f i c i e n t s  p a r a l l e l  
and perpend icu la r  t o  t he  f i b e r  d i r e c t i o n  are  shown i n  t a b l e  V I I I .  

P roper t ies  o f  CH2& S o l u t i o n  Laminates 

Glass t r a n s i t i o n  temperature. - The g lass t r a n s i t i o n  temperature (Tg) o f  
laminates prepared by compression molding o f  the  prepreg was determined t o  be 
177 t o  187 O C  by DSC. These r e s u l t s  i n d i c a t e  t h a t  no p l a s t i c i z a t i o n  o f  the 
r e s i n  by r e s i d u a l  so lvent  (CH2C12) had occurred. 
conf i rmed by DMA and TMA. 

These r e s u l t s  were  a l s o  

Volume f r a c t i o n  o f  r e s i n .  - The volume f r a c t i o n  o f  f i b e r  f o r  each compos- 
i t e  laminate  was obtained as described i n  the  exper imental  sec t ion ,  and w i l l  
be g iven a long w i t h  the  mechanical p roper t i es  of t h e  t e s t  specimen where ap- 
p r o p r i a t e .  
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Void content :  According t o  equat ion ( 3 ) ,  i n  t h e  exper imenta l  sec t i on  a 
maximum vo id  content o f  2 percent  was c a l c u l a t e d  f o r  a l l  f a b r i c a t e d  composite 
samples. 

E l e c t r o n  micrograph o f  t y p i c a l  methylene c h l o r i d e  prepregged composite 
sample i s  shown i n  f i g u r e  4. 
observed. 

Via t h i s  method no evidence o f  vo ids  was 

Mois tu re  content.  - The maximum water uptake f o r  t h e  composite laminates,  
f o l l o w i n g  immersion i n  H20 a t  160 O F ,  was determined t o  be 0.25 percent .  
Th is  va lue i s  s t i l l  h igher  than would be p r e d i c t e d  f rom t h e  neat  r e s i n  pro- 
p e r t i e s  and t h e  r e s i n  volume f r a c t i o n .  
accura te  weight  measurements a r e  d i f f i c u l t  f o r  such smal l  water uptake values. 
As  be fore  water uptake man i fes ts  i t s e l f  v i a  a p l a s t i c i z a t i o n  e f f e c t  and i s  
accompanied by a drop i n  mechanical p r o p e r t i e s  a t  e leva ted  temperatures (see 
tab les  I X  and X). 

One has t o  never the less remember t h a t  

F l e x u r a l  and sho r t  beam shear p r o p e r t i e s .  - The f l e x u r a l  and s h o r t  beam 
shear r e s u l t s  are shown i n  tab les  I X  and X, r e s p e c t i v e l y .  A s  w i t h  prev ious 
data,  i f  the  f a i l u r e  mode f o r  the  s h o r t  beam shear t e s t i n g  i s  n o t  a shear t ype  
t h e  r e s u l t s  a r e  presented i n  terms o f  t he  maximum s t r e n g t h  over t h e  l i n e a r  
p o r t i o n  o f  t h e  s t r e s s / s t r a i n  curve. A l l  samples had a u n i d i r e c t i o n a l  s tack ing  
sequence. 

The da ta  i n  t ab les  I X  and X i l l u s t r a t e s  t h e  h i g h  degree o f  p roper t y  re ten -  
t i o n  a t  h igh  temperatures and a f t e r  exposure t o  mois ture.  
p r o p e r t i e s  i s  due t o  the  h igher  Tg o f  t he  composite as a r e s u l t  o f  minimal 
p l a s t i c i z a t i o n  by CH2C12 and thus i s  i l l u s t r a t i v e  o f  t h e  t r u e  m a t e r i a l  
p r o p e r t i e s .  

The improvement i n  

L inear  expansion c o e f f i c i e n t .  - The l i n e a r  expansion c o e f f i c i e n t  p a r a l l e l  
and perpendicu lar  t o  t he  f i b e r  d i r e c t i o n  a re  shown i n  t a b l e  X I .  

Dynamic mechanical p roper t i es .  - The s to red  shear modulus (G I )  and t a n  d 
curves a re  shown i n  f i g u r e  5. The two major r e l a x a t i o n s  a r e  a t  t h e  Tg (a 
r e l a x a t i o n )  and a t  -100 O C .  The l a t t e r  has been a t t r i b u t e d  ( r e f .  16) t o  r e l a x -  
a t i o n s  i n v o l v i n g  the phenylsu l fone group i n  the m a t r i x  m a t e r i a l .  A l l  samples 
tes tes  were u n i d i r e c t i o n a l .  

Thermal and thermooxidat ive s t a b i l i t y .  - TGA scans f o r  t y p i c a l  composite 
samples i n  N7 and a i r  a re  shown i n  f i g u r e  6 .  The composite samples e x h i b i t  
improved thermal and thermooxidat ive s t a b i l i t y  as compared t o  t h e  neat  r e s i n  
where the  onset o f  thermal degradat lon i s  a t  approx imate ly  325 " C  f o r  N2 and 
a i r  scans. The l a t t e r  cond i t i ons  d i d  show a s i g n i f i c a n t l y  f a s t e r  weight  1 0 5 s  
above 400 " C .  

Drop weight impact. - The composite samples subjected t o  t h e  drop weight  
impacted t e s t  exh ib i t ed  complete impactor pene t ra t i on .  Typ ica l  load-t ime, 
energy-time, l oad -de f lec t i on  and energy d e f l e c t i o n  curves a r e  shown i n  
f i g u r e  7. I n  general the sample appears t o  s u s t a i n  m o s t  o f  t he  damage a f t e r  
t he  maximum load i s  a t t a i n e d .  Photographs of  a t y p i c a l  impacted sample a r e  
shown i n  f i g u r e  8. From the  curves i n  f i g u r e  7 one can see t h a t  two- th i rds  o f  
the  t o t a l  energy i s  absorbed by e l a s t i c  deformat ion o f  t he  t e s t  p l a t e  up t o  
t h e  maximum loading laminate.  L i t t l e  o r  no apparent phys i ca l  damage occurred 
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w i t h i n  t h e  laminate.  This  i s  i n d i c a t i v e  o f  a good impact r e s i s t a n t  composite 
m a t e r i a l .  No damage o ther  than t h e  p e n e t r a t o r  i n d e n t a t i o n  i s  observed on t h e  
impacted sur face.  The backside shows, besides t h e  impactor  hole,  de laminat ion  
w i t h i n  t h e  laminate.  

The da ta  c a l c u l a t e d  based on the curves shown i n  f i g u r e  7 i s  presented i n  
t a b l e  X I I .  

I n t r a l a m i n a r  shear. - The r e s u l t s  o f  t h e  10" o f f - a x i s  t e n s i l e  t e s t i n g  
c h a r a c t e r i z i n g  t h e  shear p r o p e r t i e s  o f  t h e  composite a r e  shown i n  t a b l e  X I I I .  
Whi le t h e  measured shear modul i  show very l i t t l e  s c a t t e r ,  t h e  measured shear 
s t rengths  do e x h i b i t  a s i g n l f l c a t i o n  amount o f  s c a t t e r .  Scanning e l e c t r o n  
microscopic  examinat ion o f  t h e  f r a c t u r e  sur faces i n d i c a t e  t h a t  f r a c t u r e  
occurred i n  t h e  e l a s t i c  p o s i t i o n  o f  the  s t r e s s - s t r a i n  curve. 
a f r a c t u r e  sur face  i s  shown i n  f i g u r e  9. There a r e  no shear l i p s  which 
i n d i c a t e  m a t r i x  d u c t i l e  f a i l u r e .  The l a c k  o f  smooth f i b e r  sur faces i n d i c a t e  
t h a t  t h e r e  i s  a very good m a t r i x - f i b e r  sur face  bond a t  t h e  i n t e r f a c e .  The 
l o a d - s t r a i n  t races ,  recorded d u r i n g  t h e  t e s t i n g ,  a r e  l i n e a r  up t o  t h e  p o i n t  o f  
f a i l u r e  f o r  the-specimens t h a t  were tes ted .  Th is  conf i rms t h e  conclus ions 
drawn f rom t h e  SEN p l c t u r e s .  
f o r  cracks w i t h i n  t h e  m a t r i x  a poss ib le  exp lanat ion  f o r  t h e  low s t r e n g t h  
values. 

A photograph of 

The e l e c t r o n  micrographs a l s o  showed evidence 

Compressive p r o p e r t i e s .  - The compressive p r o p e r t i e s  a r e  g iven i n  
t a b l e  X I V .  
p r o p e r t i e s .  The modulus i s  constant  a t  a va lue c l o s e  t o  t h e  va lue c a l c u l a t e d  
f rom t h e  standard r u l e  o f  mix tures,  assuming t h e  m a t r i x  modulus i s  n e g l i g i b l e  
I n  comparison t o  t h a t  o f  t h e  f i b e r .  The measured s t rengths  a r e  v a r i a b l e  w i t h  
a maximum measured va lue o f  93 k s i .  Th is  i s  about h a l f  o f  what i s  expected 
f o r  a sound composite ( r e f .  19) .  Microscopic examinat ion cross sec t ions  o f  
t h e  m a t e r i a l  g i v e  no i n d i c a t i o n s  o f  c rack ing  o r  excess ive p o r o s i t y .  The 
m a t r l x -  
f i b e r  bond appears t o  be s t rong enough f o r c e  t h e  f a i l u r e  t o  occur i n  t h e  
m a t r i x .  These r e s u l t s  a r e  n o t  cons is ten t  w i t h  t h e  r e s u l t s  o f  t h e  f l e x u r a l  
t e s t s ,  where a l l  t h e  observed f a i l u r e s  were due t o  f l e x u r a l  f a i l u r e  and n o t  
compressive f a i l u r e .  Also, t h e  shear p r o p e r t i e s  a r e  n o t  c o n s i s t e n t  w i th  t h e  
impact behavior o f  t h e  composite mater ia l ,  which i n d i c a t e  good shear p r o -  
p e r t i e s  o f  t h e  m a t e r i a l .  These discrepancies a r e  unexpla inable.  

The compressive proper t ies  appear t o  r e f l e c t  t h e  composite shear 

COMPARISON W I T H  COMMERCIAL COMPOSITES 

Table XV i l l u s t r a t e s  a comparison between t h e  p r o p e r t i e s  o f  S T O ' s  and 
STO/graphite composites w i t h  t h e  a v a i l a b l e  p r o p e r t i e s  o f  commercial composites. 

S e l e c t i o n  o f  t h e  data 'shown i n  t a b l e  X V  was based on r e s i n  mat r ices  w i t h  
s i m i l a r  Tg 's  t o  t h e  STO's  and composite employing g r a p h i t e  f i b e r s  o f  s i m i l a r  
c h a r a c t e r i s t i c s  t o  Ce l ion  6000. A l l  m a t e r i a l s  f a l l i n g  i n t o  t h i s  category a r e  
epoxy based. 

The data i n  genera l  i l l u s t r a t e s  t h a t  t h e  composite p r o p e r t i e s  o f  STO's  
a r e  s i m i l a r  t o  those o f  commercial ly a v a i l a b l e  epoxies.  The d i s t i n c t i v e  p o i n t  
o f  STO based composites i s  t h e  s i g n i f i c a n t l y  b e t t e r  r e t e n t i o n  o f  p r o p e r t i e s  
a f t e r  exposure t o  hot/wet environments. 
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It i s  thus reasonable t o  say t h a t  composites based on s tyrene- terminated 
r e a c t i v e  ol igomers cou ld  f i n d  a p p l i c a t i o n s  i n  t h e  same areas where today graph- 
i t e  r e i n f o r c e d  epoxy composites a r e  u t i l i z e d .  

CONCLUSIONS 

The study presented i n  t h i s  r e p o r t  i n d i c a t e s  t h a t  s tyrene- terminated p o l y -  
s u l f o n e  ol igomers can be employed as m a t r i x  m a t e r i a l  f o r  g r a p h i t e  r e i n f o r c e d  
composites. 

For so lvent  impregnat ion techniques CH2C12 i s  t h e  s o l v e n t  o f  choice 
due t o  i t s  easy removal d u r i n g  t h e  prepreg d r y i n g  and c o n s o l i d a t i o n  steps. 
n e i t h e r  degrades t h e  f i b e r s  and m a t r i x  as CHCL3 does nor does i t  p l a s t i c i z e  
the  m a t r i x  as was observed w i t h  DMSO and NMP. Good q u a l i t y  composite samples 
can be obta ined w i t h  l e s s  than 2 percent  v o i d  conten t  i f  t h e  a p p r o p r i a t e  cure  
schedule i s  employed t o  p e r m i t  adequate r e s i n  f l o w  p r i o r  t o  c u r i n g .  Neverthe- 
l e s s  t h e  unmodif ied r e s i n  does n o t  y i e l d  a prepreg w i t h  t a c k  and drape charac- 
t e r i s t i c s .  To achieve these fea tures  t h e  r e s i n  f o r m u l a t i o n  r e q u i r e s  f u r t h e r  
m o d i f i c a t i o n s .  

I t  

The mechanical p r o p e r t i e s  o f  composites based on s ty rene- te rmina ted  
ol igomers a r e  genera l l y  comparable t o  those o f  1 7 7  O C  (350 O F )  cure epoxy 
composites. The former e x h i b i t  s i g n i f i c a n t l y  b e t t e r  r e t e n t i o n  o f  mechanical 
p r o p e r t i e s  a f t e r  exposure t o  hot/wet environment. 

Some inconsis tency was found i n  the  measured p r o p e r t i e s .  The low compres- 
s i o n  s t rengths  t h a t  were measured should be r e f l e c t e d  i n  compressive f a i l u r e s  
i n  the  f l e x u r a l  t e s t s .  Th is  was n o t  t h e  cause. The low shear s t rengths  mea- 
sured by t h e  ten degree o f f - a x i s  t e s t s  were n o t  r e f l e c t e d  i n  t h e  impact t e s t  
r e s u l t s  s ince  i n i t i a t i o n  o f  f a i l u r e  d i d  n o t  occur p r i o r  t o  t h e  a t ta inment  o f  
maximum l o a d i n g  o f  t h e  impact specimen. Whi le f laws w i t h i n  the  m a t r i x  cou ld  
be a p o s s i b l e  reason, t h e  l a c k  o f  agreement cannot be expla ined.  

I n  conclus ion g r a p h i t e  r e i n f o r c e d  composites based on s tyrene- terminated 
p o l y s u l f o n e  ol igomers cou ld  f i n d  a p p l i c a t i o n s  i n  some o f  t h e  same areas where 
epoxy systems are p r e s e n t l y  employed and which r e q u i r e  improved hot/wet p ro-  
p e r t y  r e t e n t i o n .  
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TABLE I .  - CELION 6000 GRAPHITE FIBER PROPERTIES 

Modulus, m s i  . . . . . . . . . . .  34.6k0.2 

Tensi le  s t reng th ,  k s l  . . . . . . . .  523k14 

Elongat ion,  percent  . . . . . . .  1.5220.04 

Dens1 t y ,  g/cm3 . . . . . . . . . . .  1.77 

TABLE 11. - SOLVENTS USE FOR COMPOSITE PREPREGGING 

Methylene c h l o r i d e  (CH2C12) 

Chloroform (CHCL3) 

Dimetry l  s u l f o x i d e  [(CH3)2SO] 

N-Methylpyrol idone 

( DMSO) 

(NMP) 

301 11 ng p o l  n t  , 

40 

61 .2 

189 

202 

1.335 

1.492 

1 . l o1  

1.033 

1 4  



b 

Temperature 

O C  O F  

130 266 

180 356 

200 392 

200 392 

I -  

Time, 
hr  

1 

1 

2 

16 

TABLE 111. - LAMINATE PROCESSING 
PARAMETERS 

Temperature 

"C O F  

85 185 

150 302 

180 356 

200 392 

200 392 

(a )  For NMP Der ived Laminates 

Time, 
hr  

1 

0.5 

1 

2 

16  

Pressure, 
ps 1 

1000 

1000 

1000 

-- -- 

(b )  For CH2C12 Der ived Laminates 

Pressure, 
P S  i 

7 50 

7 50 

7 50 

7 50 

--- 

TABLE I V .  - Tg AS A FUNCTION OF POST- 
CURING 'TIME AT 200 "C (392 O F )  

FOR NMP D E R I V E D  LAMINATES 

Post c u r i n g  t ime, 
hr  

16  

72 

104 

228 

Washed prepreg b r  

- 
O C  

145 

145 

152 

176 

- 

165 
- 

- 
O F  

293 

293 

306 

349 

- 

329 
- 

15 



TABLE V .  - FLEXURAL PROPERTIES FOR NMP DERIVED LAMINATES 

Test temperature 

"C O F  

25 77 dry 

121 250 dry 
wet 

'est temperature 

Tg laminate a, a u I L S , ~  Failure type 
PS 1 Psi 

"C "F 

145 293 - - - - - - - -  1 1 31 727 1 9 Shear 

95762536 Thermoplastic 
-100 212 47102497 lhermoplastic 

"C 

25 

82 

121 

136 

25 

OF 

77 dry 
weta 
dry 

wet? 
180 dry 

250 dry 
we ta 
dry 

277 dry 

77 dry 

rg laminate 

"C 

145 
-1 00 
160 

145 
-1 00 

145 
-1 00 
160 

160 

145 

' F  

29 3 
21 2 
320 

293 
21 2 

293 

320 

320 

293 

Orientation to 
'iber direction 

0" 

0" 

0" 

0" 

90" 

Strength, 
ksi 

~ 

23525 
21 4218 
235+_5 

19526 
181211 

127221 
6321 3 
174221 

13221 2 

7.2+_4 

Modu 1 us, 
ms i 

17.22.65 
16.02.66 
1 7.22. 65 

15.82.5 
16.0+. 3 

15.22.6 

15.921 

13.921.5 

1.22.1 

7.821.6 

"0 days at 98 percent RH, 77 "F  

TABLE V I .  - SHORT BEAM SHEAR FOR NMP DERIVED LAMINATES 

Maximum strength over the linear portion of  the stress/strain 
curve. 

b ~ I L S  Interlaminar shear strength. 



TABLE V I I .  - TENSILE PROPERTIES FOR NMP DERIVED 
LAMINATES 

Test temperature 

25 

Tensi l e  s t r e n g t h  (a) 282f30 

77 Tens i le  modulus ( E )  22.522.5 
k s i  

I I P o i s s o n l s  r a t i o  ( y )  .314 

90" 

O 0  

I I 

3 0 . 3 ~ 1  0-6 

-0 

TABLE V I I I .  - LINEAR EXPANISON COEFFICIENT (a) 
FOR NMP DERIVED LAMINATES 

I D i  r e c t i o n  w i  t h  respect to f i b e r s l o  (K-l)I  

I I I 

TABLE I X .  - FLEXURAL PROPERTIES FOR METHYLENE CHLORIDE DERIVED LAMINATES 

Test temperature 

O C  

25 

82 

121 

149 

OF 

77 d r y  

180 d r y  

250 d r y  

300 d r y  

weta 

we t a  

we t a  

weta 

Tg laminate,  

"C 

1 7 7  

177 

1 7 7  

1 7 7  

O F  

350 

350 

350 

350 

St rength ,  
ks i 

27521 8 
330224 

294f24 
278210 

24321 1 
278210 

227+_20 
133+_3 

Modulus, 
ms i 

17.8+,3 
20.8f1.4 

18.6+2 
18.52. 5 

18.4+_2 
18.521.5 

17.921 
13.5+1 

F iber  volume 
f r a c t i o n ,  

percent  

53 

53 

53 

53 

a30 Days Immersion i n  H20 a t  71 "C (160 OF). 
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TABLE X. - SHORT BEAM SHEAR FOR METHYLENE CHLORIDE D E R I V E D  LAMINATES 

F a i l u r e  type 

Shear 
the rmop las t i c  

Test temperature 1- F i b e r  volume 
f r a c t i o n ,  

percent  

52 25 

82 

121 

149 

Shear 
the rmop las t i c  

Shear 
the rmop las t i c  

Thermoplast ic 
Thermoplastic 

77 d r y  

180 d r y  

250 d r y  

300 d r y  

wetc 

wetc 

wetc 

wetc 

52 

52 

- -  
- -  

Tg laminate  

D i r e c t i o n  w i t h  respec t  t o  f i b e r s  

177 (350) 

1 7 7  (350) 
177 (350) 

1 7 7  (350) 

177 (350) 

a ( " ~ - 1 )  

15933+2780 
157642635 

1384321464 
129262730 

122922728 
11 5032340 

970721 20 
751 9285 

Sample 
th ickness  

0.1062.004 

&I LS , 
PS 1 

Impact Maximurn 
energy, load, 
f t  l b  l b  

172k1.4 16532117 

at3 
buILS I n t e r  laminar shear s t rength .  
C30 days immersion i s  H20 a t  71 "C (160 OF). 

Maximum s t rength  over the  l i n e a r  p o r t i o n  o f  t he  s t r e s s / s t r a i n  curve. 

90" 
0" 

1 27x1 0-%2x1 0-6 1 
-0 

TABLE X I I .  - RESULTS FOR DROP WEIGHT IMPACTED METHYLENE CHLORIDE D E R I V E D  COMPOSITESa 

Energy a t  
maximum 

load, 
f t  a l b  

31 . 021 . 4  38k4.6 

D e f l e c t i o n  
a t  maximum 

1 oad , 
i n .  

0.3972.1 0 

D e f l e c t i o n  
a t  maximum 

energy 9 

i n .  

0.803t0.05 

~~ 

Energy o f  

f t  l b  
p e n e t r a t l o n  ,b 

7.023.2 

aFiber volume f r a c t i o n  = 0.52. 
bEnergy o f  pene t ra t i on  = Maximum energy -. energy a t  maximum load. 
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Test temperature 

"C "F 

25 77 

Strength, Modulus, Max strain Flber volume 
ks 5 ms i fraction, 

percent 

4.93f1.19 0.71f0.02 0.0059f0.0012 55 

1 9  

r 

Test temperature Strength, Modulus, Strain P o i s s o n ' s  
ks i ms i ratio 

O C  O F  

25 77  79.6flO. 7 19.0+0.70 0.0042+0.0010 0.44 
- 

Fiber volume 
fraction, 
percent 

55  
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F!S!P.E 1. - ELECTRON MICROGP.P.PU FOR A TYP!CAL COMPOSITE NFP DE!!VED 
SAMPLE. PERPENDICULAR TO THE FIBER DIRECTION. (300X MAGNIFICA- 
T I O N )  
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F!GU!?E 2. - STOREI) SHEAR MnDULVS CG'> AND TAN 6 FOR DRY 
(CURVE 1) AND WET (CURVE 2) NW DERIVED COMPOSITE 
SAMPLES AS A FUNCTION OF TEMPERATURE AT 10 RAD/SEC. 
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ORIG!NAL PAGE IS 
OF POOR QUAUTV 

(A)  AT lOOOX MAGNIFICATION. 

(B) AT 3000X MAGNIFICATION. 

FIGURE 3.  - ELECTRON NICROGRAPH FOR THE FRACTURE SURFACE OF A TYPICAL TESTED TENSILE 
SPECIMEN. 
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FIGURE 4 .  - ELECTRON MICROGRAPH FOR A TYPICAL METHYLENE CHLORIDE DERIVED COMPOSITE 
SAMPLE PERPENDICULAR TO THE FIBER DIRECTION. (300X MAGNIFICATION) 
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FIGURE 7. - TYPICAL LOAD VERSUS TIME: ENERGY 
VERSUS T I E ;  LOAD VERSUS DEFLECTION; AND 
ENERGY VERSUS DEFLECTION CURVES FOR DROP 
M I G H T  IWACTED ETHYLENE-CHLORIDE DERIVED 
COMPOSITES. 
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(A )  IMPACTED SIDE.  

(B) BACKSIDE. 

FIGURE 8. - PHOTOGRAPHS OF DROP WEIGHT IMPACTED COMPOSITE SAMPLE. 
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FIGURE 9. - PHOTOGRAPH OF THE FRACTURE SURFACE OF A 10' OFF-AXIS TENSILE SPECIMEN. 
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